The crystal structure of the "long" a-neurotoxin acobratoxin was refined to an R-factor of 19.5% using 3271 x-ray data to 2.4-A resolution. The polypeptide chain forms three loops, I, 11,111, knotted together by four disulfide bridges, with the most prominent, loop 11, containing another disulfide close to its lower tip. Loop I is stabilized by one @-turn and two &sheet hydrogen bonds; loop I1 by eight @-sheet hydrogen bonds, with the tip folded into two distorted righthanded helical turns stabilized by two a-helical and two &turn hydrogen bonds; and loop I11 by hydrophobic interactions and one &turn. Loop I1 and one strand of loop I11 form an antiparallel triple-pleated &sheet, and tight anchoring of the Asns3 side chain fixes the tail segment. In the crystal lattice, the a-cobratoxin molecules dimerize by &sheet formation between strands 63 and 57 of symmetry-related molecules. Because such interactions are found also in a cardiotoxin and a-bungarotoxin, this could be of importance for interaction with acetylcholine receptor.
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)I To whom correspondence should be addressed. number of conserved or conservatively changed residues and four or five disulfide bridges in short or long toxins, respectively, in identical positions, suggesting that the overall folding of the polypeptide chains are similar (Fig. 1 ). X-ray crystallographic studies revealed the three-dimensional structures of cardiotoxin Vi1 from Naja mossambica mossambica at 2.5-A resolution, the short erabutoxin b from Laticauda semifasciuta at 1.4-A resolution (Smith et al., 1988; Tsernoglou and Petsko, 1977) , the two long toxins a-cobratoxin from Naja naja siamensis at 2.8-A resolution (Walkinshaw et al., :980) , and a-bungarotoxin from Bungarus multicinctus at 2.5-A resolution (Love and Stroud, 1986) . All these molecules have a comparable characteristic structure with the polypeptide chain organized in three major loops emerging like the fingers of a hand from a "palm" knotted together by the four disulfide bonds. The central loop is more prominent than the other two; in the long a-neurotoxins, it contains an extra disulfide at its lower tip, and these toxins feature, in addition, an extra "tail" at the C terminus (Fig. 1) . The shapes of the toxins are similar, resembling a hand or saucer, with the concave or "top" side harboring the amino acid side chains believed to be responsible for the toxic activity (Endo and Tamiya, 1987) .
In the present study, we describe the refinement of the acobratoxin crystal structure to 2.4-A resolution; this is based on the earlier structure elucidation carried out without refinement (Walkinshaw et al., 1980) .
MATERIALS AND METHODS
a-Cobratoxin was isolated and purified from N . naja siamensis venom and crystallized, as described previously (Walkinshaw et al., 1980) , by microdialysis of a 1.5% (w/w) aqueous solution of protein against 75% 2-methyl-2,4-pentanediol and 25% buffer containing 0.05 M glycine HCl, pH 2 (giving a final pH of 2.83). Crystals grow as hexagonal needles in space group P6622 with the unit cell dimensions given in Table I . The crystals are not strictly isomorphous to those used in our initial study (Walkinshaw et al., 1980) as the crystallographic a and b axes are increased by about 2 A and the c axis is reduced by 0.13 A.
Data Collection and Processing-The crystal used for data collection was mounted in a thin walled glass capillary and oriented such that rotation was about the c axis to make use of the 6-fold symmetry. This required a total rotation of 30" in an Arndt-Wonacott oscillation film camera installed on an Elliott GX20 x-ray generator (see Table  I ). To determine the crystal orientation, still photographs were taken with spindle settings 0", 30", and 60". Data were collected with three films (CEA-25 Reflex) per pack at room temperature, and digitized using an Optronics P-1000 photoscan microdensitometer interfaced to a VAX 11/750 computer run at 100-pm grid width in the 0-3 OD absorbance range. Integration and reduction were carried out using the MOSFLM film evaluation package (Machin et al., 1984a resolution range. Later calculations were performed on a Micro VAX I1 computer using the CCP4 program suite (Machin et al., 1984b) . The results of data collection and processing are given in Table I . Refinement of the Crystal Structure-Because the crystals used in this work are only approximately isomorphous to those in the earlier study (Walkinshaw et al., 1980) , the initial multiple isomorphous replacement model was adjusted in the present unit cell by molecular dynamics refinement. 40 cycles of XPLOR (Briinger et al., 1986) were run on a Micro VAX I1 workstation; the energy minimization included x-ray "energy terms" with harmonic restraints on C, positions, followed by a "heat stage" at 3000 K applying 1000 integration steps of 0.5 fs and rescaling velocities every 500 steps. The "cooling" to 300 K was performed in 500 integration steps of 0.5 fs. In the final stage the energy minimization was calculated in 80 steps. The crystallographicoR-factor reduced from 41 to 32% for all data in the range of This model with relatively good stereochemistry was further refined by conventional restrained least squares minimization (Hendrickson and Konnert, 1981) in space group P1. In the first eight cycles of refinement in the resolution range of 8.0-2.8 A, the stereochemistry of the amino acids and the five S-S distances were restrained to canonical values. Only atomic coordinates and the overall B-factor were varied; the R-factor reduced from 32 to 22%. Subsequent FRODO (Jones, 1982) rebuilding sessions at the Evans & Sutherland PS300 interactive graphics display were guided by IFJIFcI and 21F,I -IFJ difference and "omit" maps. They required rebuilding of the loop regions and allowed the positioning of 20 water molecules. The C-terminal amino acids Arg7'-Pro71 were not included in the refinement because they were poorly defined in the electron density. In the next 20 cycles of refinement, data in the 8.0-2.5 A range were included, individual B-factors were refined, and the Rfactor converged at 23%. This model was thoroughly checked by different omit maps, the C terminus was inserted, and eight additional water molecules were located. Refinement for 12 %ore cycles used data in the 8-2.4 A range; the data in the 2.4-2.3-A shell were not included in the refinement because only 44% had FP> 30w. The final R-value for all 3271 data in the resolution 10-2.4-A shell converged at 19.5%. In a difference electron density map calculated at this stage, eight positions had residual density above 0.3 e/A. Of these, six were interpreted as weakly occupied solvent positions. As the side chains of Ile', Alaz8, A r e , Lys6', Arg7', and Pro7' were not clearly defined in this difference map, we have to conclude that they are highly mobile and/or are partly disordered. The root mean square deviations from expected stereochemical parameters are 0.018 A for 535 covalent bond distances, 0.071 A for 732 interbond angle distances, 0.018 A for the 10-2.5 A.
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89 planar groups, and 2.6' for the peptide bond torsion angles. The B values are in the range of 6-57 A* for the protein atoms.
RESULTS
The structure factor amplitudes, final atomic coordinates, and temperature factors are deposited with the Brookhaven Protein Data Bank.
Accuracy of the Refined Structure
The refinement may be assessed from the Ramachandran plot in Fig. 2 . In this plot, the +, # values of all non-glycine residues are in the stereochemically allowed regions; the amino acid adopting a~ conformation is As#. The final model contains 618 protein and 34 water oxygen atoms. The average temperature factor B is 18.9 A' for all atoms; temperature factors for side chain and main chain atoms of individual amino acids are given in Fig. 3 . According to Luzzati (1952) , the root mean square error in atomic coordinates was estimated to be 0.4 A from a plot of R-factor uersw resolution. This is usually assumed to be an overestimation of the "true" error, as it does not consider errors in the model, and we expect the true error to be around 0.3 A.
Description of Structure General-The basic features of the three-dimensional structure of the present model of a-cobratoxin shown in Figs. 1 and 4 are close to those established from the earlier, unrefined model obtained from data at 2.8-A resolution. Since we have now available about 1.5 times more x-ray intensity data and the model has been refined by least squares methods, the structural characteristics can be discussed with more confidence.
The three-dimensional structure of a-cobratoxin consists of three hairpin type loops, two minor ones with sequences 1-17 (loop I) and 43-67 (loop 111) and a major one with sequence 18-42 (loop 11), and a tail with sequence 5&71 ( CysS7-Cyse2; one additional disulfide bond C y~~~-C y s~~, is located at the lower tip of loop 11. The major loop is internally stabilized by &sheet formation, and the /?-sheet structure extends to sequence 53-57 of loop I11 to form a triple-stranded, antiparallel 8-sheet with an overall right-handed twist (Salemme and Weatherford, 1981) .
The tail, sequence 58-71, is tethered to the palm by the disulfide bridge Cyss7-Cysez and by the tightly hydrogen bonded side chain of Ame3, which is in a centrally important position (see below). There are only a few hydrogen bonds that stabilize the conformation of the tail; one, LysS6NH-O A r P (3.1 A), is formed between main chain atoms, another one, Th?40,. -OLysee (3.2 A), involves a side chain, and two others are located internally at Promo -0,Thrs7 (2.8 A) and between the terminal carboxylate and Thr'" peptide NH and C=O. In consequence, the tail is not overly well defined in the electron density, and the temperature factors are large (Fig. 3) .
The solvent accessibility (Fig. 3) shows that most amino acids are at least partly exposed to solvent, with a few exceptions, such as amino acids 4, 20,22, 24,40, and 63. They are all located in the palm of the globular a-cobratoxin structure and consequently shielded from solvent.
Main Chain and Side Chain Hydrogen Bonding-The hydrogen bonds stabilizing the structure of a-cobratoxin are shown schematically in Fig. 1 . All the main chain interactions are engaged in the secondary structure elements, i.e. a triple @-pleated sheet, six @-turns, two distorted a-helical turns, and one additional bond between loop I1 and the tail.
Loop I is stabilized internally by three hydrogen bonds. There are two rungs of a short 8-pleated sheet, between Cys3 and Lys", and type I1 8-turn tl at its tip, formed by residues Ile6-Thre-Pro7-Aspe (Fig. 1) . The loop is further stabilized by side chain to main chain hydrogen bonds, ArgN,, . OSer" (2.9 A) and Lysl'Ny. .OThrl0 (2.5 A). The connection between loops I and I1 is through type I @-turn tz formed by Cys"-Pr~~~-Asn'~-Gly~~, and a single main chain interaction, ThreNH -. O L~U~~ (2.9 A).
Loop I1 consists of a narrow hairpin with a bulgy tip that is stabilized in its structure by disulfide C y~~~-C y s~. The peptide forming the tip, segment 27-35, is folded into two distorted, right-handed helical turns stabilized by four main chain hydrogen bonds. Two of these are (i)C=O. In addition to these hydrogen bonds, the structure of the tip is stabilized by a tightly bound water molecule (see "Internal Water Molecules"). The hairpin stem is a regular antiparallel 8-sheet with eight hydrogen bonds. Sequence 20-24 of this stem is engaged in /?-sheet hydrogen bonding with sequence 53-57 of loop 111, resulting in a regular three-stranded antiparallel @-pleated sheet. Besides the disulfide-knotted palm, this @-sheet is the most important structural feature responsible for the stabilization of the three-dimensional, handlike structure of the acobratoxin molecule. Loop I11 is stabilized at both "ends" by disulfide C y~'~-C y s~~ and, at its lower tip, by type I1 @-turn t a (Lys'e-Tyr50-Gly51-Val6'). One of its legs is involved in 8-sheet formation with loop 11, and the other leg is bonded to it by hydrophobic interactions between the side chains of Val4', Val6', and Ile54.
The tail formed by the C-terminal section of a-cobratoxin is connected with loop I11 by disulfide Cy~'~-Cys'~ and type I1 @turn t 6 (Thr69-Asp60-Asn61-Cys62), which force it in a "downward" orientation, nearly parallel to loop I1 (see Fig. 4) . Also, the side chain of Asd3 is tucked tightly in the palm structure (see below), and the remaining 8 residues of the tail are conformationally and structurally stabilized by two main chain and side chain hydrogen bonds with loop I1 (see above). The tail is curled into a 5-residue turn which is stabilized by two internal interactions; one is between adjacent amino acids, Thr670,. . OPro" (2.8 A), and the other is between the terminal carboxylate and T h P N H and CO, with an unusual cycle of hydrogen bonds. The Unique Position of A~n'~-Amino acid Cys" is fixed in its position by 8-turn and disulfide bridge Cy~'~-Cys'~. The next amino acid in sequence, Asna3, forms the N terminus of the tail of a-cobratoxin. Its side chain is inserted between loop I and the "top end" of the three-stranded @-sheet, amino acids TyrZ1 and Gly4', and engaged in several hydrogen bonds to main chain atoms of Phe', T y r Z 1 , Gly' ' (Fig. la) , thereby cross-linking different segments of the peptide strands in the palm of the molecule.
Among several side chain to side chain hydrogen bonds, there are two "salt" bridges. One, Arg2NV1 -. O&~P'~ (2.9 A), stabilizes the folding of loop I. The other, Lys3'Nr. . O&3p53 palm of the a-cobratoxin molecule are anchored to the "upper end" of the three-stranded 8-sheet with Cyszo, Cys'l, Cys", and CYS'~ (see Fig. 1 ). The two ends of loop I are fixed to the 8-sheet by bridges Cys3-CysZo and Cy~'~-Cys~'. The two ends of loop I11 are held together and fixed to the &sheet by Cys4'-Cys", and the bridge Cy~'~-Cys'~ stabilizes the orientation of the tail of the molecule. It is the combination of ,!?-sheet structure and disulfide bridges that determines the spatial organization of the polypeptide chain in the palm of a-cobratoxin and in this class of molecules, since all the cardiotoxins and a-neurotoxins have cysteines in identical positions. The conformation of the disulfide bridges is described in Table 11 . Three of them form left-handed spirals, x3 --90 O , and two are right-handed, x3 -90" (Richardson, 1981) . Torsion angles xl, xlf, x2, and x2' are in the commonly observed (+)-or (-)-gauche-and tram-conformations. The C,. . .C, distances across the bonds span a wide but commonly observed range, from 5.16 to 6.89 A (Thornton, 1981; Srinivasan et al., 1990) . Compared with the equivalent disulfide bridges in a-bungarotoxin (Love and Stroud, 1986) , the conformations are similar except for the opposite handedness of Cys4'-Cys6' (corresponds to Cys4'-Cys" in a-cobratoxin 
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that forms intermolecular crystal contacts and could be involved in binding to acetylcholine receptor. The side chains of Ile', Alaz8, Argm, Lys6', and Arg70 could not be located from the electron density except for C, of Arg7' and are not drawn. CprS,-S,-Ce, Other water molecules located in strategic positions in the a-cobratoxin molFcular structure* are WatS3, which in$eracts with ThrZ20 (3.3 A), A~p~~0 (3.5 A), and ThrZ40, (3.3 A), and Watg5, which interacts with (3.4 A), ThrZ20, (3.2 A), and Gld50 (3.5 A). Both these water molecules are located between loops I1 and I11 and support the P-sheet hydrogen bonding in this part of the a-cobratoxin structure. Watloo is lFcated in the lower tip of loop I1 and cross-links Gly2*0 (3.1 A) and Ser31N (2.9 A).
Intermolecular Interactions and Packing-The packing of the molecules is determined by the intermolecular hydrogen bonds listed in Table 111 . The most striking of these are the main chain interactions between peptide NH and C=O groups of Ile54N-. C Y S~~O and the reversed C y P N . . .Ile540 of a molecule in (y,x,2/3 -z ) , which give rise to a short antiparallel pleated sheet. This is possible because the sequence 53-57 has a P-sheet conformation and is located at the periphery of a-cobratoxin so that the C=O and N-H groups of Ile54 and are exposed and can hydrogen bond to the corresponding groups in another molecule (see Fig. 4B ). Since sequence 53-57 is one strand of the three-stranded ,&pleated sheet in acobratoxin, this intermolecular interaction, in fact, creates a 6-fold antiparallel pleated sheet. The other intermolecular contacts involve mainly the palm, the tip of loop 11, and the tail of the molecule, with no obvious formation of other types of secondary structure. 
DISCUSSION
In relation to the previously determined, unrefined crystal structure of a-cobratoxin at 2.8 A resolution, the present study has confirmed the overall molecular architecture except for a few amino qcids in the C-terminal tail that were ill defined in the 2.8 A electron density map. A few more hydrogen bonding interactions were found, some others reorganized, and several side chains changed orientations, which we correlate with the improved x-ray data and with the differences in unit cell constants.
Because crystallization was performed at the unphysiological pH of 2.83, it may be asked whether the molecular structure determined from the x-ray analysis conforms to the structure prevailing at neutral pH and in solution. As shown by NMR studies, the structures remain nearly identical under both pH conditions (Hider et al., 1982; Bystrov et al., 1983; Kondakov et al., 1984a) , with one minor exception; a local structural transition occurs around Hisla at pH 5.7 if acobratoxin is pH titrated (Endo et al., 1981; Hider et al., 1982; Kondakov et al., 1984b) . If His" is protonated, it is exposed to solvent as observed in the crystal structure. If it is deprotonated, the imidazole side chain is in contact with the protein surface and surrounded by CysI4, Pro", ValI9, Cys' ' , Cys4', Ala4', and Thr44, in overall agreement with Fig. 4 , where these amino acids are found in the vicinity of Hisla. These structural changes are only local and, according to the NMR data, do not influence the overall structure of the toxin. This is in contrast to the long a-neurotoxin a-bungarotoxin which, in solution, features a conformation similar to acobratoxin as inferred from NMR data (Miyazawa et al., 1983; Inagaki et al., 1985) . In the crystal structure, however, the central 8-pleated sheet in loop I1 is largely broken up so that TrpZ5, which is believed to be functionally important and located on the concave side, is turned around to the "back" of the molecule. The reason for this alteration is that in the crystal lattice, a-bungarotoxin forms a dimer involving an intermolecular @-pleated sheet reminiscent to, but different from, that observed in the present a-cobratoxin crystal structure (Love and Stroud, 1986) .
Detailed structural comparisons of a-cobratoxin (at 2.8-A resolution) have previously been made with cardiotoxin ( Fig.  8b of Rees et al. (1990) ) and a-bungarotoxin ( these comparisons, the @-pleated sheets superimpose well (except for a-bungarotoxin), and the overall structure of loop 111 is preserved. Most of the structural changes are associated with the lower tips of loops I and I1 and with the C-terminal tail; it is absent in the cardiotoxin and short neurotoxin, and it is located "behind" loop I in a-bungarotoxin but behind loop I1 in a-cobratoxin.
These differences in three-dimensional structure of the different toxins are consistent with biochemical data. NMR data have shown that the H-D exchange in the &sheet of acobratoxin is extremely slow under physiological conditions (Miyazawa et aL, 1983; Inagaki et al., 1985; Kondakov et al., 1984a Kondakov et al., , 1984b , in agreement with the rigidity in this part of the three-dimensional structure as inferred from the temperature factors (Fig. 3) . In contrast, the H-D exchange in abungarotoxin is comparatively fast. It appears that the loops of the toxins (and probably also the 8-sheet) can undergo conformational changes as was proposed from kinetic and thermodynamic data of complex formation with the acetylcholine receptor (Endo and Tamiya, 1987; Bystrov et al., 1983; Maelicke et al., 1977; Kang and Maelicke, 1980) .
In previous studies, the invariant amino acids of the toxins were classified with respect to a "structural" and/or a "functional" role. This classification certainly is too simplified, as recent mapping studies of the a-bungarotoxin-binding site of the acetylcholine receptor have shown that several separate sequence regions of the receptor participate in toxin binding, with several attachment points identified in each of these subsites (Conti-Tronconi et al., 1990 , 1991 . These data are consistent with studies showing that for the majority of chemical modifications of amino acids, only a reduction and not a complete loss of lethality was observed (Karlsson, 1979; Endo and Tamiya, 1987; Dufton and Hider, 1988; Harvey, 1985; Rees et al., 1990; Smith et al., 1988; Tsernoglou and Petsko, 1977; Walkinshaw et al., 1980; Martin et al., 1983; Love and Stroud, 1986) .
Among the clearly structurally important residues are the cysteines and, probably, Cly" because a larger side chain in this position would interfere sterically with receptor binding (Endo and Tamiya, 1987 ). It appears that A d 3 also is of structural importance, as it is centrally involved in tying up the N terminus of the tail to the head of a-cobratoxin by several hydrogen bonds. Similar interactions are also found for the analogous AsnW in cardiotoxin (Rees et al., 1990) , and Asnm in a-bungarotoxin is in a comparable position and able to interact similarly (Love and Stroud, 1986) .
Some of the water molecules might have a structural role by filling cavities and forming hydrogen bonds to different parts of the polypeptide chain. Two such water molecules, WaP3 and Watg5, cross-link strands 20-24 and 53-57 of the 8-sheet by hydrogen bonding. The lower tip of loop I1 is stitched together by two water molecules, Wat" (between AspZ7N, 0, 08, and and Wat'" (between Clyz80 and Ser3'N) .
A structural role must also be assigned to residues that stabilize the three-dimensional structure by hydrophobic interactions. One such residue, Phe4, forms contacts within loop I and between this loop and of the C-terminal tail. Tyr" is within stacking distance of the peptide chain around Cly4' and with the side chain of Pro46 (Fig. 4) , and its OoH hydrogen bonds with the side chain of Asp3', as also observed in other toxin structures (Endo and Tamiya, 1987) . Three other amino acid residues appear to form a hydrophobic cluster: Val48, Val5', and Ile54. They are located on and directed toward the center of loop 111 and touch each other, thereby forming a hydrophobic environment. This configuration is probably sta-
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bilized by @-turn t5, which is flanked by the 2 valines.
The functional importance of several amino acid residues of short and long a-neurotoxins has been investigated by a variety of techniques, mainly by chemical modification. As discussed in the related publications (Karlsson, 1979, Endo and Tamiya, 1987; Dufton and Hider, 1988; Harvey, 1985; Smith et al., 1988; Tsernoglou and Petsko, 1977; Walkinshaw et al., 1980; Martin et al., 1983; Love and Stroud, 1986) , most functionally important residues were identified on the concave side of the a-neurotoxin structure and located on the lower tips of loops I1 and I11 LysZ3, TrpZ5, Asp27, PheZ9, Arg13, and Lys4'. Most of these residues are charged and may form salt bridges or strong hydrogen bonds with the surface of the acetylcholine receptor. Comparison with antagonistic molecules of the curare type suggested that, by and large, these alkaloids display a comparable spatial distribution of (+) and (-) charges and hydrophobic (aromatic) moieties to mimic the a-neurotoxins (Dufton and Hider, 1977; Dufton and Hider, 1980; Saenger et aL, 1987; Tsernoglou et aL, 1977; Tamiya et al., 1980) .
From the present x-ray analysis of a-cobratoxin, there emerges an additional feature that could also be of importance for a-neurotoxin binding to acetylcholine receptor. It arises from the intermolecular contacts observed between symmetry-related molecules and involving the P-sheet hydrogen bonding of segment 53-57 (Fig. 4B ). This part of the threedimensional structure is highly preserved in short and long a-neurotoxins, is exposed at their surface, and is "preformed" for 8-sheet type hydrogen bonding. Such interaction is not only observed in the a-cobratoxin crystal structure between symmetry-related molecules, but it is also an essential feature of the structure of cardiotoxin, where it gives rise to dimer formation (Rees et al., 1990) ; in a-bungarotoxin, it occurs between dimers and, moreover, it was made responsible for the disruption of the intramolecular &pleated sheet structure. In analogy, the acetylcholine receptor may contain a correspondingly exposed 8-sheet strand, e.g. around the disulfide bridge formed by two adjacent cysteines (Conti-Tronconi et al., 1990 , 1991 that interacts with segment 53-57 of aneurotoxins. The so-called functional amino acid side chains may then form essential attachment points to the receptor, which could also involve structural reorganization of both partners. This suggestion is consistent with and expands the other proposals made on the basis of chemical modification and binding site mapping studies.
